This work is a study of the inter-relationship between parameters that principally affect metal up-take in the plant. The relationships between the concentration of metal in the growth medium, C s , the concentration of metal absorbed by the plant, C p , and the total biomass achieved, M, all of which are factors relevant to the efficiency of 
1.

Introduction
The ability of certain plants to absorb large quantities of heavy metals from contaminated soil and water, holds significant promise for the deployment of "green technologies" such as phytoremediation towards environmental clean-up [1] . While the technology presents several distinct advantages over conventional remediation methods [2] , much still needs to be learnt about the physico-chemical and biological factors that guide the movement and speciation of heavy metals within the rhizosphere and their subsequent up-take, translocation and detoxification by the plant [3] . Of the several technologies that constitute phytoremediation, phytoextraction appears to be optimal for the clean-up of those types of soil where it can be applied, because it is only in this that the toxic metal, absorbed by the root and sent to aerial shoots via xylem transport, can be entirely removed by the subsequent harvest of the shoots [1] [2] [3] [4] [5] . While diverse and complex processes specific to the geochemistry of the metallic compound present in the soil and the biochemistry and physiology of metal up-take by the plant, govern the process of phytoextraction at the molecular level [6, 3] , these factors ultimately affect the efficiency of phytoextraction at the whole plant level [7, 8] , via the mass M metal of heavy metal extracted from the soil per crop. M metal is the product of M the mass of dry plant tissue produced per crop and C p the concentration of metal in the plant tissue.
The objective of phytoextraction engineering is to maximize M metal for the crop which in the ideal case is served by the simultaneous high values of both M and C p .
Phytoremediating plant species generally fall into the categories of high M but relatively low C p plants, such as maize (Zea mays), or the so-called metal hyper-accumulators, e.g.
Thlaspi caerulescens (Brassicaceae) , that are typically characterized by high C p but low M [5] . One aim of plant molecular biologists is to identify novel genes important for phytoremediation including regulatory networks and tissue-specific transporters, and subsequently to manipulate the expression of these genes in high biomass species [3, 5, 9] . However, the question of the exact trade-off between metal toxicity and plant biomass development as dictated by the whole plant physiological response in quantitative terms, requires more detailed studies. It is a fundamental question that dictates the outcome of any phytoremediation scheme whether using naturally selected species or genetically modified ones. The accuracy of predictive models of phytoextraction efficiency depends on such studies and thereby potentially, the acceptance of this emerging technology by regulatory bodies and enterprises.
The calculation of M metal (eqn. 1) forms the basis of estimates designed to find out how many successive crops would be required to bring about the desired reduction in the soil concentration of the metal [10, 7] . Two key assumptions are generally made:
(a) that C p , or its analogue the bio-concentration factor, BCF 1 , remains constant as the soil metal concentration, C s , changes (BCF is the ratio of C p to C s ) and (b) that M is unaffected by C p [10, 7] The objective of the present work is to examine the validity of both these assumptions and in doing so to arrive at an empirically quantitative understanding of the relationship between the metal concentration in the medium, C s , its concentration in the plant C p and the biomass M at the whole plant level. The physiological stress impact of increased metal concentration (C p ) within the plant is likely to affect M as well as the fact that the soil-plant system represents two mutually interacting phases in which the metal composition in one phase is likely to affect the other by means of the system's thermodynamics. Moreover the exact nature of the relationships between C p and C s and between C p and M are likely to depend on the metabolic status of the plant and its species.
We base our study on the detailed examination of several macro-physiological stress indices such as the temporal root length, plant total mass (M) and shoot mass index vis à vis the measured absorbed concentration of the metal (C p ) in the 2 week old seedlings of the metal accumulator Brassica Juncea. This plant is known to phytoextract Ni(II) [11] [12] [13] and is a quick-growing relatively large biomass plant that has often been cited as a potential phytoremediant [14, 15] . The factorial growth experiments under controlled conditions, involved variable Ni(II) (as nickel acetate tetrahydrate) concentrations (C s ) in the agar gel growth medium and variable diurnal light quanta. The latter is used to provide the means of independently varying the biomass via the photosynthetic quantum. It is not used in this work for fundamental studies in photosynthesis. The seedling phase of growth is chosen because metal stress effects on biomass are likely to be the most prominent at this stage, on account of the fast growth rate and the large surface to volume ratio of the root which is the point of entry for the metal ion. The data are analysed in terms of the mathematical functions that best fit the experimental results for C s , C p and M. The average dry mass of the seedlings in each plate divided by the number of seedlings harvested, gave the dry mass per seedling, M. Samples were then analysed for Ni concentration in the seedlings, C p , using flame atomic absorption spectroscopy, FAAS, (Perkin Elmer AAnalyst 800) using deuterium background correction and a high efficiency nebulizer. Details of the analytical method are provided in [16] .
Materials and Methods
To cross-check the metal concentration analysis on the very low total metal contents of the seedlings, at least one of the sample sets, the 24H samples, was also analysed for Ni using epithermal neutron activation analysis ( The whole experiment was repeated in triplicate for the plant growth and in duplicate for the FAAS analysis.
Results and Discussion
Figs 1 and 2 show the rate of root length growth as a function of Ni(II) concentration in the medium, C s , and diurnal light quanta (DLQ). At C s ≤ 50 µM, DLQ enhances root growth after the appearance of the first true leaves by the photosynthetically generated energy as seen for 9H and 24H where the asymptotic growth fade-off in the absence of DLQ, as for DARK, is arrested and a constant linearly increasing growth contribution proportional to the DLQ, sets in. The C s = 50 µM medium was observed to enhance growth over the Control at all stages of the seedling's life. Fig.2 shows the growth fall-off with higher C s but the trend is almost a "mirrorimage" of fig.1 : DARK does the best and 24H the worst. At concentrations > 50 µM, light appears to enhance Ni toxicity despite the increased opportunity for photosynthesis. Again the relative growth enhancement at 50 µM is evident for DARK and 9H but for 24H, M drops monotonically. Also this rate of fall-off with C s is relatively the highest, indicating a probable light enhancement of Ni toxicity for biomass development, as well.
In the context of phytoextraction, shoot and root mass (or length) would be important with regard to the capacities to compartmentalize metal in aerial shoots and the uptake of the metal. The ratio of shoot mass to root mass/length, referred as the shoot mass index or SMI in this work, would indicate their relative magnitude [17, 15] .
The root of the B. juncea seedling was observed to be principally a single conically elongated primary root with little branching. To know the effect of C s and DLQ on shoot growth we model the root as an elongated cone. The radius at the root base (r root ), and root tissue density (ρ root ), were considered to be the same for all the seedlings and independent of DLQ and C s . Since all the seeds were germinated identically in the absence of metal stress, a constant root base radius seems reasonable. The root mass M root can then be written as,
Where l root and K root are the root length at the end of the two-week growth period and the constant multiplier respectively. Equation 2 implies that the root mass mainly varies with root length. Writing the total mass of the seedling as M and the shoot mass as M shoot
Or,
This means that the ratio of shoot mass to root mass (SMI) is proportional to the ratio of 
This logarithmic approach to saturation is contrary to the assumption of the constancy of plant metal concentrations with changing soil (or growth-medium) metal concentrations or the constancy of the BCF which would imply a constant linear proportionality between C p and C s (see Introduction). Infact the non-linear diminution of C p as C s increases is expected from the Le Chatelier-Braun principle, applicable to equilibrium as well as non-equilibrium thermodynamics, the latter being more appropriate for living systems [19] . This principle states that a chemical system responds so as to minimize the applied external forces. As the concentration within the plant builds up (increasing C p ) the response is to minimize further ingress of metal ions even though the external metal concentration (C s ) is not necessarily low, resulting in a tendency towards saturation of the metal ion within the plant, as seen in fig. 5 . The implication of eqn 5 is that there will be a limit to the metal extraction capability of the non-senescing plant, in this case B. juncea, in a given metal contaminated medium that is dictated by the totality of its bio-physicochemical response to the metal in its environment. It is also interesting to note that the form of eqn. 5 is similar to the equation relating the concentration build-up with time of a product in a first-order chemical reaction which is well-known to result from the action of the Le ChatelierBraun principle on the chemical equilibrium.
Recently, Rooney et al [6] , have presented a detailed and thorough study of the variability of soil geochemistry (e.g. factors such as pH, soil cation exchange capacity CEC etc.) on the availability of soluble Ni(II) to barley and tomato, which was found to be the key factor influencing Ni toxicity to the plants. While factor but the mechanism of biomass development under metal stress seems to be much more sensitive to metal concentration ( β= 1.2) confirming the previously observed DLQ enhancement of metal stress at the whole plant level. Although the present study concerns agar gel media, if soluble metal is available in the soil for absorption by the root, the same physical mechanism underlying eqn. 6 would apply to B. juncea growing under the same photo period conditions. We infer that strategies to raise absorbed metal concentrations such as by using organic acids [14] would likely result in reduced plant biomass.
The consequences of the interdependence of biomass and plant metal concentration on the mass of Ni absorbed, M Ni , is seen in fig. 7 . Since mechanistically, the response of DARK and 9H relevant to metal absorption appear to be the same, they
show a similar trend -inverse dependence of M Ni with M whereas 24H shows a small increase of M Ni with M. Using eqns 1 and 6,
Substituting the values of α and β for the 3 cases,
The amplitude factors in eqn. 8 bear a direct correlation to the amount of photosynthesis taking place, with the lowest for DARK and the highest for 24H. At low biomasses (M) the mass of Ni absorbed will be the highest for the 9H and low for 24H but lowest of all for DARK even though it absorbs the highest concentrations of Ni, because of its very low amplitude factor. This is corroborated in fig. 7 by the curves calculated using eqn. Perhaps not so surprising is the similarity of eqn. 8 with allometric scaling equations of plant metabolism that relate various metabolic dependent observables in a power-law manner to the plant mass [21] . The ability to accumulate metals requires metabolic energy (active processes) and that should in some way obey the universal power -law manifestation. From eqn. 8 we see that the power-law exponent vis à vis the Ni absorption capability of the plant B. juncea depends on its metabolic state, in this case as dictated by the ability to photosynthesize (i.e. DLQ), so that it varies from -1 to 1/6.
While field conditions represent a far greater complexity than agar gel media, if the metal is available to the plant root for absorption in soluble form and if the plant is not stressed in other ways, the physical processes and associated principles underlying eqns. 5-8 would still apply and the same conclusions would hold. It is also instructive to note that in the field, variation in the DLQ is naturally brought about by the seasons and near 24h daylight is possible at extreme latitudes at certain times of the year.
Conclusions
The factorial growth experiment incorporating the concentration of Ni in the medium, C s , and the diurnal light quanta, DLQ, as independently variable parameters,
shows that rate of photosynthetic driven growth impacts the capacity of the B. juncea seedling to absorb Ni. Light enhancement of Ni toxicity is evidenced by increased stunting of root lengths and a steeper decrease of total biomass, M, at high C s . The shoot mass index (SMI) was modeled to allow a non-destructive estimate and its variation with C s indicates possibly that the plant may try to increase sequestration volume in the shoot in response to high metal intrusion. The analysis of the relationship between the absorbed metal concentration C p and C s and between C p and M shows that C p is not independent of C s but rather that it varies logarithmically with it, and that M depends strongly on C p especially for fast photosynthetically driven growth of the plant. The mathematical functions relating C s , C p and M seem to conform to the underlying thermodynamics of the system [19] and the recent discussions of the universal powerlaw scaling of plant metabolic properties with mass [21] . The sum total of these observations indicate that for the metal accumulator B. juncea with regard to its capacity to accumulate Ni, the overall metabolic nature of the plant is important -neither rapid biomass increase nor a high metal concentration capability favored the removal of high metal mass from the medium, but rather the plant with the moderate photosynthetically driven biomass growth and moderate metal concentrations demonstrated the ability to remove the maximum mass of metal from the medium in the same growth period. . Error bars on the data points have been omitted for the sake of visual clarity. Lines through the points are eye-guides only. 
